Researchers analyse hormones to draw conclusions from changes in hormone concentrations observed under specific physiological conditions and to elucidate mechanisms underlying their biological variability. It is, however, frequently overlooked that also circumstances occurring after collection of biological samples can significantly affect the hormone concentrations measured, owing to analytical and pre-analytical variability. Whereas the awareness for such potential confounders is increasing in human laboratory medicine, there is sometimes limited consensus about the control of these factors in rodent studies. In this guide, we demonstrate how such factors can affect reliability and consequent interpretation of the data from immunoassay measurements of circulating metabolic hormones in rodent studies. We also compare the knowledge about such factors in rodent studies to recent recommendations established for biomarker studies in humans and give specific practical recommendations for the control of pre-analytical conditions in metabolic studies in rodents.
INTRODUCTION
The concentration of any analyte in biological samples -regardless of how it is measured -is determined by three factors: the biological, the analytical and the pre-analytical variability. In the context of this guide, ''pre-analytical variability'' refers to changes in the apparent concentration of an analyte which can be attributed to the period between taking a sample and subjecting the sample to the analysis (i.e., to changes occurring ex vivo). Obviously, investigators are usually most interested in the biological variability when measuring analytes. In this respect, focus of the analysis is to compare quantitative results from a measurement of an analyte to the concentrations seen in a reference population, in other individuals or during different experimental conditions. Besides their interest in biological variability -which in most cases is part of the physiological mechanisms to be investigated -many researches are also aware of the fact that the analytical variability impacts upon the results. Measurement differences due to different methods, different operators or different labs are recognized, although often regarded as an inevitable, but overall less important source of variability. Typically, pre-analytical variability is considered to be of even minor importance, and to a certain extent the awareness for potential problems deriving from this source of variability is lacking ( Fig. 1) , especially outside the context of human laboratory medicine. This is of concern, because problems during the pre-analytic phase of laboratory testing have been demonstrated to account for up to 70% of the total error occurring during the biochemical analysis of human samples [1] [2] [3] . Over the past decade, the awareness for analytical and pre-analytical variability has increased in human laboratory medicine, and its importance for laboratory testing has been not only recognized in clinical routine, but also in clinical studies [4, 5] . It is very unlikely that pre-analytical variability does have less impact in basic science involving animals. Most likely, the same sources of variability are present and relevant when measuring circulating metabolic factors in animal studies, but the awareness for potential confounders is much less developed. Accordingly, this guide is intended to raise the awareness for the factor ''pre-analytical variability'' especially in rodent studies. We will provide examples how pre-analytical conditions can influence measurement results of several circulating metabolic hormones and give practical recommendations how to standardize and control pre-analytical conditions. researchers know about the importance to control as many components of unintended biological variability. Appropriate control of study subjects and environmental conditions is difficult in humans, especially with longer observation periods. In this respect, animal studies provide the advantage of easier control of biological variability: appropriate control of factors like genetic background, but also housing conditions, environmental temperature, humidity or adherence to a diet and scheduling of sampling time points with respect to circadian or longterm biological rhythms are possible and therefore considered standards of good scientific practice. As examples, one might think about the many rodent studies describing significant effects of e.g., age and gender on metabolic hormone concentrations [6] [7] [8] [9] . It is important to keep in mind that these factors may be variables influencing the results although they were not necessarily planned to be part of the experiment.
Analytical variability
The analytical method chosen for determination of circulating metabolic factors can greatly affect the readout of hormone analyses. Apart from differences seen between results from different analytical methods (e.g., mass spectrometry vs. immunoassay), also different types of the same method (competitive vs. sandwich type immunoassays, immunoassays involving different antibodies, etc.) can lead to different results. Furthermore, any method itself has inherent analytical variability caused by systematic and random errors. Immunoassays still are the most frequently used method to determine circulating hormone concentrations in scientific studies. As an example to illustrate differences between results from different immunoassays available to measure the same hormone in rodent samples, Fig. 2 shows concentrations of IGF-I in different mouse strains measured by two commercially available mouse IGF-I assays (serum samples, identical pre-analytical processing) [10] . Although the IGF-I concentrations reported by both assays correlated significantly (po 0.001), the overall correlation co-efficient was only moderate (Pearson-r ¼0.4, r 2 ¼0.162). Passing-Bablok regression for IGF-I concentrations obtained from the two different assays confirmed the large variability (slope: 0.831; intercept: 162.4; Fig. 2 ). In this context it is important to realize that caution is also warranted when hormones are measured using immunoassays from the same manufacturer, but from different production batches. Larger series of samples obtained from the same experiment should be measured using only immunoassays from the same batch and samples should be randomly distributed among different plates. The ''inherent variability'' with each analytical method is commonly described through the coefficients of variability within and between assays (with-and between-assay CV%). The knowledge about and control of this aspect of the analytical variability is of outmost importance for meaningful interpretation of measurement results. Since a detailed discussion of this important topic is beyond the scope of this guide focusing on pre-analytical variability, we may refer the reader to comprehensive literature for further deepening of this area [3, [11] [12] [13] [14] .
Pitfall: variability between methods/inter-and intra-assay variability Recommendations:
-measure samples at least in duplicate -repeat sample measurement if the CV exceeds 15%
For larger series of samples:
-maintain a single analytical method -only use immunoassays from the same manufacturer -only use assays from the same batch -distribute samples randomly between different assay plates -retain technical equipment and keep environmental conditions stable -use independent control samples covering the concentration range of interest (e.g., pools) 
Pre-analytical variability
In this article, the term ''pre-analytical variability'' refers to changes in the apparent concentration of a metabolic hormone which occurs in the period between taking a sample and subjecting the respective sample to the hormone analysis. Per definition, the respective change of a hormone concentration in a sample takes place after the sample has ''left'' the organism -in other words: in vitro (as opposed to the biological variability, which describes factors modifying the circulating concentration in the sample in vivo). The main factors contributing to pre-analytical variability in vitro are differences in sample collection, handling, manipulation, processing and storage [15] . Because of their importance to hormone analyses in rodent studies, we will discuss five factors which can be a source of error and misinterpretation: matrix effects and sample type, sampling and storage conditions, dilution and contamination, blood sampling technique and finally also differences in sample pre-treatment .
Matrix effects and sample type
The matrix can be defined as the ''environment'' of an analyte in a biological sample, in most cases the liquid the analyte is dissolved in. Obviously, physical properties (e.g., viscosity) are different between matrices (e.g., urine vs. blood vs. cell culture supernatants). However, also the molecular composition varies with the matrix type, with differences in total protein content being one of the most important factors when it comes to standardization of pre-analytical conditions. Such differences in the matrix can affect the measurements in different ways: it either can directly affect the detection of the analyte during the measurement process, or it can affect the stability or conformation of the analyte in the sample. Blood samples are usually collected and processed to yield either serum or plasma. The choice of the sample type can be influenced by known requirements to allow analysis of a certain analyte (e.g., cellular components cannot be analysed in serum), or simply by practical considerations (e.g., the yield of volume available for analysis is usually better when collecting plasma). In any case it is important to be aware that both, serum and plasma, also represent different sample types associated to differences in the matrix: for obtaining plasma, anticoagulants such as EDTA or heparin are immediately added to the whole blood sample. During centrifugation, the cellular components of the blood sample are separated, but coagulation factors like fibrinogen remain in the sample. In contrast, if plain serum is collected, the occurring coagulation leads to clot formation (consisting of fibrin net and cellular components). Therefore, after centrifugation serum samples lack coagulation factors and have a lower protein content compared to plasma. Such differences in protein content of samples have been shown to significantly contribute to differences in immunoassay results. Fibrin clots may cause difficulties when handling serum samples as they can prevent aspiration of the correct volumes to a pipette tip. This can be especially problematic if the sample volume is low. The phenomenon is not only well known for automated assay systems, but also can affect manual procedures if not performed carefully. The most efficient way to significantly reduce formation of fibrin clots is to allow the blood samples to coagulate for a sufficient period of time ( $20-30 min) before centrifugation. In case fibrin clots are still present in the centrifuged sample, one might consider breaking these clots apart by devices like a toothpick and then re-spin the samples. Serum and plasma samples do not only differ in protein content, but also in the biological activity of proteins, especially enzymes. This is in part explained by the fact that anticoagulants inhibit coagulation by forming chelate complexes with divalent cations (e.g., Ca 2 þ ), and the activity of several enzymes is dependent on the availability of divalent cations. Consequently, enzyme activity is typically lower in plasma compared to serum [16] [17] [18] . Therefore, stability of proteo-hormones susceptible to enzymatic degradation might be higher in plasma as opposed to plain serum samples. Although many hormones can be measured in both, serum and plasma samples, it is important to know that the absolute concentrations reported by immunoassays (or other measurement methods) can be substantially different. For several hormones analysed in human clinical routine laboratories, different reference ranges have to be applied to serum as opposed to plasma samples. For certain analytes (e.g., adrenocorticotropic hormone (ACTH) or renin) the use of plasma is strongly recommended since measurement results are only reliable with the increased analyte stability found in plasma [19] [20] [21] [22] . In our own study, we found significant differences in circulating concentrations of leptin and GLP-1 when using either serum or plasma (see Fig. 4A and E).
Pitfall: matrix effects and sample type
Recommendations:
-use only serum or plasma for comparison of circulating hormone concentrations between samples -allow sufficient coagulation time ($ 20-30 min) for blood samples before centrifugation to reduce subsequent formation of fibrin clots in serum -use the same anticoagulant to obtain plasma within each experiment -consider analyte-specific requirements when choosing sample type
Sampling and storage conditions
Further variability can be introduced by environmental conditions impacting on a sample during and after blood collection. Blood samples may either be collected in pre-chilled tubes and remain at room temperature (RT) or on ice until centrifugation. Furthermore, temperature settings and centrifugal force may differ during the centrifugation step between experiments. In our study we used serum from 5 rats and centrifuged the samples with two different frequently employed centrifugation protocols, one being ''slow'' and long (at 4 1C), the other protocol being ''fast'' and short (at RT; Fig. 3 ). Fig. 6 compares relative concentrations of leptin, ghrelin, insulin, GIP and GLP-1 in aliquots which underwent both centrifugation protocols. Interestingly, we did not detect significant differences between the 2 protocols for the analysed hormones. However, in the case of insulin, variability of measurement results and standard errors were higher with the ''fast'' centrifugation protocol (Fig. 6 ). After centrifugation with the fast protocol, 2 of the 5 centrifuged samples visually had a ''bad quality'', cellular and liquid components were poorly separated and the serum appeared to be haemolytic. This circumstance might have affected immunoassay measurements for insulin, since the same 2 haemolytic samples showed the highest variation to the respective ''slow centrifugation'' counterpart samples in the insulin assay. If researchers can freely decide which centrifugation protocol should be used, we recommend using longer, but slower (i.e., lower centrifugal force) protocols, since haemolysis is less likely to occur with this procedure. Several hormones have been shown to be temperature sensitive and to potentially undergo conformational changes or even proteolysis when exposed to inappropriate temperatures or temperature changes, which can result in significant changes of concentrations measured [20, [23] [24] [25] [26] . Therefore, storage temperatures and the number of freeze and re-thawing cycles can be critical for accurate measurement of metabolic hormones. The lower the storage temperature, the unlikelier is degradation of the sample. A storage temperature of minus 70 1C or lower has been proven suitable for long-term storage and accurate measurements of most analytes [27] . In this context, however, it is important to note that even in the frozen state, evaporation of samples can occur, and adequate storage tubes with securely closing caps must be used to avoid lyophilization of samples [28] . Repeated freeze/thaw cycles should be prevented, although some hormones exhibit remarkable stability here. One might also consider to subject samples to milder thawing procedures than full thawing to room temperature. If repeated thawing of a sample becomes necessary, it is expected that gentle thawing on ice/ice-water can reduce the pre-analytical variability. However, this remains to be tested for each analyte separately. If possible, for analysis of several analytes from the same experiment in the same animal, multiple aliquots should be prepared and stored according to the respective requirements. Especially the so-called ''freezer-studies'' using historic samples which underwent different (and sometimes unknown) numbers of freeze/thaw cycles are at risk to produce artificial results resulting from differences in pre-analytical conditions. Depending on the analyte in question, the addition of protease inhibitors to samples before storage can improve freeze/thaw stability of the analyte. As an example, results from the measurement of plasma insulin, ghrelin, GIP and GLP-1 after repeated freeze/thaw cycles are shown with and without addition of protease inhibitors ( Fig. 5B -E ).
Pitfall: temperature/storage conditions Recommendations:
-stay consistent with the temperatures conditions during sampling, processing and centrifugation -use temperatures below À70 1C for long-term sample storage -do not save money by using cheaper, but inadequate storage tubes -avoid frequent freezing and re-thawing cycles -prepare and store samples in aliquots
Dilution and contamination
The third source of introducing pre-analytical variability is (unintended) dilution or contamination of the blood sample [29] . Dilution could for example play a role when the blood collection device has been rinsed with a clearing solution (e.g., saline) prior to or between repeated blood sampling. Another source of errors -which is frequently overlooked also in clinical practice -is the substantial impact of inappropriate filling and mixing of the blood sample with the anticoagulants [30] . In rodent studies, where it sometimes is impossible to obtain a certain quantity of blood, differences in the relative composition of the sample (volume of blood to volume of anticoagulant or additive) can be expected to be an even more important source of pre-analytical variability. Also soluble coatings of blood collection devices have been described as a source of pre-analytical errors through contamination of the samples. As a consequence, strict adherence to standardized sampling procedures has been recommended for pharmacokinetic and pharmacodynamic studies [31] . Haemolysis can be regarded as a specific case of ''contamination'' of the sample. Inappropriate handling, mechanical or osmotic stress lead to rupture of erythrocyte membranes, resulting in the release of intracellular components into the blood sample. For many clinical routine parameters, haemolysis has been shown to significantly affect the outcome of laboratory measurements and haemolysis may lead to an overestimation of the true concentration in certain analytes [32, 33] . In children, Bellomo et al. have recently shown that haemolysis results in falsely low immunoreactive insulin concentrations. The order of magnitude of the changes observed was great enough to lead to misinterpretation of the results [34] . Ideally, the influence factor ''haemolysis'' should be evaluated for every specific analyte. Unless haemolysis has been shown to be uncritical for a specific analyte, it should be regarded as a potential source of pre-analytical variability also in rodent samples and -although sometimes difficult to obtain -samples without signs of haemolysis should be favoured for measurement of circulating metabolic factors. If usage of a haemolysed sample is inevitable, the obtained hormone concentration should be critically reviewed for plausibility.
Pitfall: dilution or contamination
-standardize type of equipment for blood sampling and processing ; (E) total glucagon-like peptide 1 (GLP-1)) in rats under different pre-analytical conditions. The first graph for each hormone shows absolute concentrations under different pre-analytical conditions separately for each rat. For better comparison of the different pre-analytical conditions, a second bar chart for each hormone depicts the effects in relation to the concentration obtained from serum (n¼9/condition). Therefore, the serum concentration has been set to 100% and other conditions are expressed as a percentage thereof (*po0.05, **po0.01, ***po0.001). Abbreviations: ''RT'': room temperature; ''Prot.'': addition of a general protease inhibitor; ''Prot.þDPP-4'': addition of a general and a specific DPP-4 inhibitor; ''Prot.þHCl'': addition of a general protease inhibitor and acidification of the sample with HCl. Data in bar charts are expressed as means7SEM.
-standardize blood sampling procedure as much as possible -avoid haemolysis/use of haemolysed samples 2.3.4. Blood sampling technique Interestingly, the best studied factor during the pre-analytical phase in rodents is the influence of different blood sampling techniques. It has clearly been established that especially the blood sampling site (e.g., retro-orbital plexus, decapitation, tail vein or tail tip sampling) significantly affects the measurable concentrations of analytes in blood samples from mice and rats [35] [36] [37] [38] [39] . Although the impact of the sampling site has been investigated for only a relatively small number of different analytes, it may be assumed that the blood sampling site is a relevant variable affecting measurable concentrations of most analytes. Therefore, consistency of the blood sampling technique is of outmost importance in rodent studies. A practical example from rodent studies is the process of multiple blood samplings during stimulation or suppression tests (e.g., glucose tolerance tests). When performing such a procedure, frequent practice is to take most blood samples from easy accessible sites like the tail vein, but the terminal sample -in case the dynamic test is the endpoint of an experimentfrom another site, e.g., after euthanasia by cardiac puncture or through decapitation (which might be considered less stressful for the animal). However, based on the studies mentioned above [39] and our own observations, it is important to also collect the terminal blood sample of the test from the same site in order to be consistent.
Pitfall: different blood sampling techniques
-stay consist with the blood sampling procedure and use only samples collected from the same site 2.3.5. Sample pre-treatment One way to avoid changes in measured hormone concentrations induced by the pre-analytical factors described above is the application of specific sample pre-treatment protocols. As mentioned, when collecting blood to yield plasma, the researcher may choose to add one of several anticoagulants (commonly used: EDTA, heparin, citrate and hirudin, see also chapter ''matrix effects''). For humans, information about most of the commonly used anticoagulants and their influence on the measurement of many analytes including several hormones exist [29, [40] [41] [42] . In rodents, however, systematic studies investigating if the type of anticoagulants has an influence on the measurement of circulating metabolic factors are lacking. The situation is similarly unexplored for the addition of protease inhibitors. Immediate addition of a general protease inhibitor is frequently recommended for many peptide hormones, although publications on the topic providing detailed information are lacking. For some hormones, the addition of other specific, auxiliary enzyme inhibitors is recommended. As an example, the accurate measurement of the incretin hormones GIP and GLP-1 seems to require the addition of protease and DPP-4 inhibitors [43, 44] . Immediate pre-treatment and acidification of the plasma sample with HCl is recommended before ghrelin and acylated ghrelin can be measured. In this case, acidification of the sample to achieve a very low pH is required to preserve the octanoyl group of ghrelin [45, 46] . While it is unquestioned that adequate sample pre-treatments are necessary for measurement of several hormones, it remains speculative if and into which direction such pre-treatment strategies might also affect the measured concentrations of other analytes. This lack of knowledge may become a critical factor especially in rodent studies, where it is common practice that only one or two tubes of blood are collected. In many cases, sample pre-treatment is performed to meet the requirements for the primary analyte of interest. However, if at a later time point it becomes interesting or important to also measure additional circulating factors (which were not originally planned in the study), the question if the same pre-treated sample can also be used to accurately measure other analytes becomes relevant. Unfortunately, there is no general answer to this question and ideally it needs to be evaluated for every analyte and each type of sample pre-treatment . Below we present results from a study where we measured several metabolic hormones in samples which were differently pre-treated ( Fig. 4A-E ) . To illustrate the complexity of the issue we would like to point out that the addition of a general protease inhibitor to EDTA plasma samples -while effective in protecting some of the analytesat the same time led to increased variability of measurement results for other hormones. Pitfall: sample pre-treatment Recommendations:
-adhere to established analyte-specific pre-treatment procedures -be consistent in blood sampling procedures and sample processing
AWARENESS FOR PRE-ANALYTICAL VARIABILITY
The impact of pre-analytical variability upon the results of immunoassays is often underestimated. Even in clinical practice reliable, evidence-based guidelines are scarce. If existing, they are not uniformly adopted, representing a major problem for the standardization of measurements [47] in clinical routine diagnostics. There are also concerns with respect to pre-analytical variability in research studies in humans. Only recently, a meta-analysis compared pre-analytical blood processing techniques reported in 87 articles describing studies which investigated the analyte amyloid-b peptide (supposed to be a promising biomarker for Alzheimer's disease). While it became apparent that the discrepancies between pre-analytical methodologies of several studies were likely to have contributed to the significant variability in amyloid-b levels observed between studies, the authors also reported that for many of the studies analysed, a precise description of the preanalytical methods was lacking in the respective publications [48] . Thus, Watt and colleagues emphasized the need for a consensus on pre-analytical processing of blood samples [48] . Sticking to Alzheimer's disease, Vanderstichele et al. very recently published a consensus paper on different pre-analytical issues like tube types, centrifugation, time and temperature before and during storage, repeated freeze/thaw cycles, and length of storage on concentrations of biomarkers in cerebrospinal fluid [49] . This example from Alzheimer's research illustrates that in studies involving humans, the situation is not ideal, but the awareness has tremendously increased over the past years. This is also documented by an increasing number of published studies, reviews and guidelines providing support how to minimize preanalytical variability [50] [51] [52] [53] [54] [55] and giving practical recommendations concerning biobanking and long-term storage [28, [56] [57] [58] . Although many issues regarding pre-analytical variability in humans are still a matter of debate or uncertainty, there is no doubt that the situation is much better than the situation in rodent studies. As mentioned above, the majority of rodent studies dealing with pre-analytical factors investigated the impact of the blood collection site on the concentration of circulating analytes [38, 39, 59] . Very few animal studies exist about the many other pre-analytical factors described in this article. If existing, most of the studies were performed in large animals like dogs [60] , minipigs [61] , bovine [62] or sheep [63] , in which sampling of larger blood volumes is not critical. In rodents, only a few respective studies exist for only a few selected analytes. One example is a study in mice investigating the effects of the anticoagulant and the temperature on measurement of circulating tumour necrosis factor [64] . Another example is the elaborated study by Stengel and colleagues, who clearly have shown that standard blood processing (EDTA-blood on ice) can hinder reliable measurements of several circulating metabolic parameters in rats [46] . The authors demonstrated that their newly developed blood processing method (''RAPID'' method) eliminated the breakdown of several hormones and significantly improved the recovery for most peptides. These very practical recommendations not only facilitate the accurate measurement of the investigated analytes, but also highlight that poor control of preanalytical conditions may severely influence immunoassay measurements in rodent studies. A major factor explaining why pre-analytical variability is rarely studied in rodents is certainly the limited blood volume of mice and rats.
Comparing the influence of different sampling procedures or other preanalytical conditions on hormone measurements requires the concomitant withdrawal of several aliquots of blood, with even more blood being required when the study is performed for different analytes. This problem was also the major reason why we used adult rats instead of mice for our study described below.
Another reason explaining why studies on pre-analytical variables are sometimes considered evitable for rodent studies is the fact that in animal experiments researchers often only are interested to compare hormone concentrations between experimental groups of a single experiment. As long as all blood samples from such an experimental run have been processed identically, the assumption is that a potential pre-analytical bias would affect all samples from the experiment in the same way, thus still allowing scientific comparisons of individuals or groups. However, as stated above, pre-analytical variability becomes a pitfall when absolute concentrations from different studies are compared or when studies require comparison of current analyte concentrations with concentrations from previous experiments (''freezer studies''). Finally, neither commercial assay manufacturers nor health authorities seem to apply the same degree of care and surveillance to assays performed with animal samples as they do for assays used in human studies. The market for rodent assays is comparably small (when compared to the much large demands deriving from human research and diagnostics), but rapidly moving with new analytes being frequently put on the agenda. This in part might explain the limited interest of commercial manufacturers to conduct systematic evaluations assessing the pre-analytic variability for rodent circulating factors.
ANALYSIS OF PRE-ANALYTICAL VARIABILITY IN CIRCULATING METABOLIC FACTORS OF RODENTS
In order to specifically address pre-analytical variables for some of the hormones more frequently measured in our animal experiments, we set up a systematic study for a small set of metabolic hormones in rats. Fig. 3 summarizes the different sample processing and pre-treatment conditions which we compared. Six pre-analytical conditions were tested (a detailed description for sampling and processing of samples can be found in the respective methods section): (1) serum collected and stored at room temperature (RT) and (2) EDTA plasma collected and stored at RT, (3) EDTA plasma collected in pre-chilled tubes and immediately stored on ice (''plasma on ice''), (4) ''plasma on ice'' with a general protease inhibitor (plasmaþ prot.), (5) ''plasma on ice'' with a general protease inhibitor plus a specific DPP-4 inhibitor (plasma þ-prot. þDPP-4), and (6) plasma on ice'' with a general protease inhibitor plus subsequent acidification with HCl (plasma þprot. þ HCl). Furthermore, serum samples were subjected to 1, 2, 5 and 10 consecutive freezing and re-thawing cycles before analysis. Finally, using EDTA plasma samples subjected to ten successive freeze and thaw cycles, we also investigated the potential protective effect of adding protease inhibitors ( Fig. 5B-E ) . All immunoassay results have been corrected for the respective dilution factors which were introduced through the sample pre-treatment . The impact of different pre-analytical conditions upon several circulating metabolic hormones is depicted in Fig. 4 . The figure shows two graphs for each hormone: first, absolute hormone concentrations separately for each rat under each pre-analytical condition. Second, hormone concentrations presented in relation to plain serum. The latter has been done to allow better comparison between the different preanalytical conditions. Therefore, hormone concentrations of serum at RT have been set to 100% and the other pre-analytical conditions are expressed as a percentage thereof. As expected, absolute hormone concentrations varied considerably between the 9 rats. Of note, we intentionally had introduced a high degree of biological variability (i.e., fasting/non-fasting, males/females) to obtain samples covering a wide range of hormone concentrations. This is important if assessing pre-analytical variability as the impact of preanalytical conditions on assay results can be more pronounced at low or high hormone concentrations. The results for the different analytesespecially when presented as a percentage of the ''standard condition'' -clearly demonstrate that the order of magnitude and the direction of a potential change in measured concentration introduced by a specific preanalytical treatment cannot be predicted in advance. Measurement of leptin and total GLP-1 yielded considerably different results depending on the matrix (serum or plasma). Addition of HCl or protease inhibitors showed a significant effect on measurements of leptin, ghrelin and total GLP-1 . Interestingly, the addition of protease inhibitors highly increased the detected concentrations of total GLP-1, while measurement of all other hormones was not affected by this pre-treatment (Fig. 4) . Acylated ghrelin was only detectable in plasma samples which have previously been acidified with HCl (Fig. 4B ). Sampling and storage of the EDTA plasma tubes on ice immediately after blood collection had no detectable effect on the measured hormone concentrations when compared to EDTA blood collected and stored at room temperature. In contrast, 10 times freeze and thawing cycles of serum affected the concentrations of all investigated analytes. Interestingly, even the effect of repeated freezethaw cycles on measured hormone concentrations was not unidirectional. While resulting in significantly lower measured concentrations of most analytes (after 10 Â ), the measured concentration of serum leptin was increased by about 25% after 5 times of repeated freezing and re-thawing (not significant) and by more than 40% after 10 Â freezing and thawing (po0.001; Fig. 5A ). For all investigated analytes, we did not detect significant (and meaningful) differences for up to 2 repeated freeze-thaw cycles.
We next asked if the pre-analytical variability introduced by frequent sample freeze and thaw cycles is also present when using plasma instead of serum and if this variability can be reduced by addition of protease inhibitors (for details see Fig. 3 and the respective methods section). We therefore measured and compared concentrations of insulin, ghrelin, GIP and GLP-1 and found that -as expected -repeated freezing and re-thawing of plasma samples also led to significantly lower concentrations of these hormones (except GLP-1, which generally showed very low concentrations without the addition of protease inhibitors). This effect was most obvious for measurement of total GIP, since frequent freeze and thaw cycles resulted in GIP concentrations which were more than 60% lower when compared to the fresh aliquots. The immediate addition of protease inhibitors to EDTA-blood abolished ''freeze/thaw susceptibility'' of all analytes investigated. Similar to the experiments using fresh plasma aliquots (Fig. 4) , also in this frequent freeze and thaw experiment the addition of protease inhibitors to EDTA plasma resulted in higher readings for both incretin hormones measured ( Fig. 5D and E) . Interestingly and in contrast to some recommendations, in our experiments there was no significant difference between the results obtained with addition of a general protease inhibitor alone or in combination with the (much more expensive) specific DPP-4 inhibitor (Fig. 5 ).
RECOMMENDATIONS AND CONCLUSION
Literature data and our own experiments clearly demonstrate that preanalytical variability also impacts upon metabolic hormone measurements in rodent studies. The first and may be most important recommendation is to have an increased awareness for a potential variability introduced by pre-analytical conditions. This for example applies when researchers decide to measure a newly discovered parameter in an ongoing experiment and compare the results to older samples which either underwent different sample pre-treatments or were stored in the freezer for longer periods. Without the awareness for a potential influence of pre-analytical variability, measured concentrations of such an analyte may lead to conclude that a specific treatment had an effect, but the differences can actually be attributed to preanalytical variability. For analysis of metabolic factors -especially by immunoassaysadherence to constant conditions during the pre-analytical phase is of outmost importance. All samples analysed during a series of experiments should undergo the same, uniform pre-analytical and analytical procedures. The results from our study have shown that the addition of a general protease inhibitor to a plasma samples -as recommended and required for measurement of GLP-1-did not influence measured concentrations of other hormones like leptin, total ghrelin, GIP and insulin. We conclude that samples pre-treated with protease inhibitors to measure GLP-1 can also be used for unbiased analysis of other analytes. Not unexpectedly, however, in plain sera or plasma samples subjected to frequent (10 Â ) freeze and thawing cycles, hormone concentrations were considerably altered (some increased, some decreased). Therefore, frequent freezing and thawing should be avoided. In our experiments, we did not detect significant differences between hormone measurements after 0 or 2 repeated freezing and thawing cycles. Importantly, however, this cannot be taken as a general recommendation but needs to be verified specifically for each analyte. In laboratory routine, we encourage preparation of multiple aliquots immediately after centrifugation since this is the best option to prevent pre-analytical influence through freeze and thaw cycles. Furthermore, addition of protease inhibitors immediately after sample collection turned out to be an effective measure to protect the analyte and allowed unbiased measurement of the above mentioned hormones even after several thawing cycles. Caution should be taken when treating samples with very specific pretreatment protocols like in the case of acylated ghrelin. Of course, this pre-treatment allows accurate measurement of acylated ghrelin, but can severely interact with measurement of other analytes by either increasing detected levels (e.g., leptin) or completely hamper measurement of an analyte (e.g., growth hormone, data not shown). Also when publishing animal studies, researchers should precisely detail sample processing and storage procedures used in their experiments. Implementation of this request also is a task for journals and reviewers. In order to allow others the judgement if comparisons are adequate or not, and if they can compare hormone concentrations from their own studies to those published from others, a precise description of pre-analytical conditions used is mandatory. As a practical consequence from the evaluations shown here, in our laboratory rodent blood is routinely sampled to yield both, serum and EDTA plasma, and aliquots are stored. Plasma samples are routinely treated with a general protease inhibitor. In this way, multiple analyses of circulating metabolic factors may be performed even in the future with a reduced risk of introducing a pre-analytical bias.
METHODS
6.1. Animals, sample processing and sample pre-treatments In this study, 14 weeks old Wistar rats (n¼ 9; Charles River, Sulzfeld, Germany) were sacrificed by decapitation under isoflurane anaesthesia and whole trunk blood was collected. In order to obtain samples covering a wide range of hormone concentrations, we deliberately chose to use 7 male and 2 female rats, 5 of them being fasted for 6 h and 4 not being fasted before sacrifice. The broad range of concentrations was used for measurements since pre-analytical variability and analytical issues might differentially affect the measurements of hormones at low and high concentrations. Fig. 3 summarizes the different blood processing steps and sample pre-treatments . Blood collection from the same rat was performed using a serum tube and 5 EDTA plasma tubes (S-Monovette s , Sarstedt, Nuembrecht, Germany, 1.6 mg EDTA/ml blood). The serum tube and one plasma tube remained at room temperature and the other 4 plasma tubes were pre-chilled on ice until centrifugation (approx. 25 min). In 2 of the pre-chilled EDTA plasma tubes, respective amounts of a general protease inhibitor (Complete s , Roche, Basel, Switzerland) were immediately added. To the last pre-chilled EDTA tube, the general protease inhibitor plus a specific DPP-4 inhibitor was added (DPP-IV inhibitor, Millipore, Schwalbach, Germany) (Complete: 150 ml/ml blood; DPP-4 inhibitor: 10 ml/ml blood). Samples were centrifuged at 3000g for 10 min at 4 1C (Multifuge X3R, Thermo Scientific, Langenselbold, Germany). After centrifugation, one of the plasma samples including the general protease inhibitor was further processed by acidification with 1 N HCl (for each 100 ml of plasma, 20 ml HCl were added) according to previous recommendations [65] . Samples were then separated in at least 8 aliquots (Nunc TM cryotubes, Thermo Scientific) and stored at À80 1C until further analysis. Plain Serum was divided into 16 aliquots. 8 of them were immediately stored at À 80 1C and the remaining 8 aliquots underwent 10 subsequent freeze-thaw cycles before storage at À 80 1C.
For the freeze and thaw study in plasma, EDTA blood from 5 additional, not-fasted male Wistar rats (Charles River, Sulzfeld, Germany) was collected. This time, freshly collected blood from each rat was partitioned in 3 in pre-chilled EDTA tubes. The blood in the first EDTA tube was left native and stored on ice, while a general protease inhibitor (Complete) was added to the second blood sample. The third blood sample was mixed with the same general protease inhibitor (Complete) and a specific DPP-4 inhibitor (DPP-IV inhibitor, Millipore;
Complete: 150 ml/ml blood; DPP-4 inhibitor: 10 ml/ml blood). After centrifugation at 3000g at 4 1C for 10 min, the 3 plasma samples were split into 10 aliquots. 5 of the aliquots were immediately stored at À80 1C until further analyses, while the other 5 aliquots underwent ten consecutive freeze and thaw cycles from À 80 1C to full thawing to room temperature (22 1C) . Insulin, total GIP, total GLP-1 and total ghrelin were measured by immunoassays in fresh aliquots and aliquots which underwent 10 freeze/thaw cycles. All measurement results have been normalized for the respective dilution factors. The respective hormone concentration measured in the fresh (untouched) aliquot from each rat was set to 100%. The result obtained from the ''counterpart'' freeze/thaw cycle sample is expressed as a percentage thereof. Because of the differences we observed between hormone concentrations measured in untouched samples and the same samples after 10 Â freeze/thaw cycles we performed an additional study, in which blood was taken (by decapitation under isoflurane anaesthesia) from 5 not fasted male Wistar rats (10-weeks old). After standard centrifugation at 3000g the serum samples were split into multiple aliquots and subjected to 0, 1, 2 or 5 consecutive freeze and thaw cycles, respectively. In the same experiment, we also investigated if differences in centrifugation protocols have an impact on measured hormone concentrations. For this purpose, whole blood was collected in several Eppendorf TM cups and remained at room temperature for 25 min. Samples were then centrifuged (Centrifuge 5415R, Eppendorf, Germany) either with a standard centrifugation protocol (3000g at 4 1C for 10 min) or with a rapid, ''high-g'' protocol at room temperature (10,000g at room temperature for 3 min). After the respective preanalytical procedures, all samples were stored at À80 1C until measurement of leptin, insulin, GIP, GLP-1 and ghrelin.
Immunoassays
Leptin (Mediagnost, Reutlingen, Germany), insulin (Alpco, Salem, NH, USA), total ghrelin, acylated ghrelin, total GIP and total GLP-1 (all assays from Millipore) were measured by immunoassay through experienced technical staff as per manufacturers' instructions. For the correlation analysis of IGF-I levels in fresh serum samples from 69 mice (Fig. 2) , mouse IGF-I assays from IDS (Boldon, UK) and DSL (Webster, TX, USA) were used. After measurement, all immunoassay results have been corrected for the respective dilution factors deriving from sample pre-treatments.
Statistics
Statistical analysis was performed using the SPSS software package (SPSS Inc., version 15.0, Chicago, USA), Microsoft Excel and graph pad prism (Graph pad Software, Version 5, La Jolla, USA). Statistical comparison between plain serum and plasma at RT, as well as the comparison of different centrifugation protocols was done by Students ttest. Multiple comparisons of pre-analytical conditions and freeze-thaw stability data were performed with one-way ANOVA and Dunnet post-hoc tests (*po0.05, **po0.01, ***po0.001). Correlation analysis was performed by parametric Pearson analysis and by Passing-Bablok regression. For better comparison between different sample processing protocols and pre-treatments, hormone concentrations measured in aliquots obtained by ''standard conditions'' (plain serum, fresh aliquots and aliquots centrifuged with the standard protocol, respectively) were set to 100%. This was done by first assigning the respective hormone concentration measured in each rat under the ''standard condition'' the numerical value 100%. Second, the measured hormone concentrations from the other conditions in the same rat were calculated as a percentage thereof. Therefore, no standard error of the mean (SEM) is depicted in graphs for the respective ''standard conditions''. All other data are presented as means7SEM.
